Our experimental investigation was aimed at revealing the mechanism behind the action of laser radiation on venous wall under endovenous laser ablation conditions. We determined the critical laser power P cr at which the objective effect of complete denaturation of the vascular tissue collagen was attained for two types of optical fiber in the presence and absence of blood cells. We demonstrated that for the radial optical fiber the presence of blood cells had no effect on the magnitude of P cr , which came to 4.3 ± 0.1 and 5.6 ± 01 W for 1.56 and 1.47 µm lasers, respectively. For the bare fiber and 1.56 µm laser, P cr increased up to 5.2 ± 0.2 W in a blood-filled vessel and up to 7.1 ± 0.2 W when the blood was replaced by a sodium chloride solution. Our data show that the heating and degradation of insufficient veins go on more effectively when the tissue is heated by laser radiation directly absorbed therein, rather than the red-hot carbonized optical fiber tip.
Introduction
The action of laser radiation on biological tissues can conveniently be reduced to the photochemical, photomechanical, and photothermal effects, depending on the laser treatment characteristics (radiation wavelength, power, and exposure time) [1] . The choice of one or another effect, hence the treatment parameters, is governed by the objective of the concrete procedure [2, 3] . The investigators' aim is to select such treatment regimes with which one attains not only the addressed delivery of radiation into the target tissue, but also the transformation of radiant energy into the necessary forms. If a given procedure is aimed to degrade or modify the tissue without impairing its mechanical integrity, the objective effect is then the photothermal one whereby the absorbed radiation is transformed into heat that thereafter causes a thermal modification of the tissue. Classed with such procedures is the endovenous laser ablation (EVLA) aimed to kill cells and completely degrade the venous wall proteins [4, 5] . Obviously the perivenous tissues should not be damaged.
The further development of the EVLA technologies is going on along two lines. On the one hand, the laser radiation wavelength and power are being varied and on the other the optical fibers used are being perfected to provide for the necessary emission geometry [6] . In the first experimental works and clinical procedures, use was made of lasers with the socalled hemoglobin-specific wavelengths (0.81-1.06 µm) [7] . In that case, radiation issues directly from the flat end face of the optical fiber (the so-called bare fiber) and is absorbed by water and hemoglobin in the vein lumen. Later on, at the fiber end there forms and gets hot a coagulum that serves as a heat source for heating the vein wall. As a result, the objective degradation effect is attained at high laser powers (over 9 W), so that the vein wall suffers numerous perforations when the hot fiber end contacts it [8, 9] . To prevent the fiber from contacting the vein wall, special fiber tips are being proposed [7] . Based on the analysis of the optical properties of the components of venous blood vessels, use was proposed of the socalled water-specific laser wavelengths (1.32-1.9 µm) [10] that should penetrate the vein more evenly and partly turn into heat directly in its wall. However, it turned out that the fiber tip got carbonized in this case as well [11] , so that a substanti al proportion of radiation was absorbed in the carbonized layer and the laser powers necessary to heat the venous wall proved closely similar for all the laser wavelengths used [12] . As a consequence, the vein wall perforation problems associated with the use of bare optical fibers still remained [8] . To deliver radiant energy directly into the vein wall tissue, the so-called radial fiber was created. In that case, radiation is emitted from the side surface of the thickened fiber tip within 360° around the optical axis of the fiber [13] . As a result, radiation gets practically completely into the vein wall and is absorbed by its tissue. According to the data of some investigators, the use of such optical fibers allows the necessary laser power to be reduced [14] . Discussions as to the choice of the laser treatment method for the EVLA procedure are still going on, the optimal characteristics are still to be found, and the procedure is as yet not standardized.
The aim of the present authors is to demonstrate how the method used to deliver laser energy and the combination of the optical and physicochemical properties of the absorbing medium on the one hand and the laser wavelength on the other influence the manifestation of the objective photothermal effect in the target tissue. To carry out the first part of the task, we compared two types of optical fiber, namely, the bare and the radial ones. The experiments were performed using 1.47 and 1.56 µm lasers. This radiation is predominantly absorbed by water; and to reveal the role played by the absorbing medium, we compared the results of venous wall degradation in blood-to saline-filled venous vessels. Inasmuch as the given laser treatment is aimed at degrading the venous wall, we used the hundred-per-cent denaturation of collagen-the main protein of the vascular wall framework-to serve as a treatment efficiency criterion.
Materials and methods
In our experiments, we used a 1.56 µm erbium-doped fiber laser (IRE-POLUS, Russia) and a Model Gelios-flebo III (Novye Khirurgicheskie Tekhnologii, Russia) diode laser 1.47 µm in wavelength.
The laser radiation power was measured with a Model UP12-H power meter (Gentec Electro-Optics). Radiation was delivered via a quartz optical fiber 600 µm in diameter. Two types of optical fiber were used for the EVLA procedures: a bare fiber with an angular aperture of 0.22 rad and a radial fiber (Biolitec GmbH, Bonn, Germany) with a tip 1.9 mm in diameter (figure 1). After irradiation of each vein fragment the bare fiber was replaced by a new one; and the radial fiber tip was wiped with a pad wetted with ethyl alcohol.
To accomplish the ex vivo modeling of the EVLA process, a 5 cm-long vein fragment was fixed in a cylindrical plastic container. The container had a 1 mm-thick slit along its generator and two tubes inserted into the bases. The vein fragment was fixed on the tubes so as to make some of its surface abut on the slit. The container was fixed with its slit at the top and filled with a 0.15 M NaCl solution; the slit was then covered with a 100 µm-thick propylene film. This method prevented the vascular tissue from drying during laser treatment and provided for correct measurement of the radiometric temperature on the vein surface. One tube was used to inject 0.5 ml of heparinized blood or 0.15 M NaCl solution into the vein and the other, to insert the optical fiber. The experimental setup was described in detail in our last study [15] .
The laser radiation and 0.7 mm s −1 automatic fiber pulling back were switched on simultaneously.
The temperature field dynamics was recorded with a Model IRTIS 2000 thermograph (IRTIS Ltd, Russia) at a frame frequency of 1 Hz. Illustrative patterns of the temperature fields characteristic of the radial and bare fibers were obtained in individual tests by placing the fiber in the near-surface water layer.
The degree of denaturation of collagen, α, in the lasertreated samples was estimated by differential scanning calorimetry (DSC) in the cell of a Model DSC 204F calorimeter (Netzch, Germany). The magnitude of α was calculated on the basis of the collagen denaturation enthalpies experimentally determined in intact and laser-treated samples, ΔH int and ΔH, respectively. Used in this investigation were 85 fragments of varicosedeformed great saphenous veins (GVS) removed in phlebectomy. The effect of each individual set of laser treatment parameters was studied on 2-3 vein fragments exposed to laser radiation under the respective conditions. Subject to thermal analyses were three specimens of the laser-treated portion of each vein fragment.
Results and discussion
In our experiments, we determined the relationship between the degree of transformation of the venous wall collagen and the laser radiation power under conditions closely similar to those of the EVLA procedure. The minimal laser power P necessary to cause complete degradation of the collagen (α = 100%) was denoted by P cr . At P < P cr some of the venous wall collagen in certain vein sites remained intact. And the number of such sites decreased as the laser power drew closer to P cr . When P cr was reached and surpassed, the collagen framework of the matrix in any of the laser-treated venous wall specimens under analysis got fully degraded. The P cr values for all groups of the samples are listed in table 1. Although the critical power values differed between different groups of the samples, their surface temperature at P = P cr , designated as T cr , was the same and equal to 90 ± 1 °C. This temperature coincides closely enough with the T cr = 91 ± 2 °C obtained by us in conditions of both an EVLA procedure using a 1.47 µm laser and a bare optical fiber [16] and a radio-frequency thermal obliteration procedure [17] . When heating a slightly stretched vein fragment fixed by its ends in a water bath for 20 s, the venous wall collagen gets completely denaturated at a temperature around 88 °C [18] . So, the result obtained in the present investigation is not a wonder, for the damage to the collagen framework of the venous wall in the EVLA procedure is due to the thermal effect of laser radiation [5, 10] .
In the experimental physical model, the critical laser powers for the radial fiber proved independent of the presence (or absence) of blood. At the same time, the P cr values for λ = 1.47 µm were found to be perceptibly higher than those for λ = 1.56 µm. We associate this difference with the spectral dependence of the optical properties of the tissue. In the case of radial fiber, radiation is absorbed directly by the venous wall tissue, so that the thin fluid layer between the fiber and the tissue contributes but little to the absorption of radiation. Considering dissipation and the 70% water content of the venous wall tissue, the characteristic penetration depth of laser radiation into the tissue, δ eff = 1/µ eff [3] , is around 0.85 mm for λ = 1.56 µm and some 0.28 mm for λ = 1.47 µm. To estimate µ eff , we used the µ a and µ s values reported in [19] and [20] , respectively. According to the data of [21] , the wall thickness of varicose veins ranges between 0.4 and 0.7 mm. For the 1.56 µm laser, the thickness of the effectively absorbing layer is commensurable with that of the vein wall, and so the light energy turns into heat and is being purposefully expended to degrade the tissue all over its bulk. The 1.47 µm laser radiation gets completely absorbed at approximately half the venous wall thickness. The rest of the vascular tissue is heated due to the transfer of heat from the radiation absorption region; and the dissipation of energy here decreases the efficiency of the objective heating. Note that according to the authors of [8] the use of a 0.97 µm laser and a radial optical fiber failed to bring about complete degradation of the vascular wall even at a laser power of 12 W. This can be explained by the fact that it is only some of this laser radiation that was absorbed by the target material, the effective penetration depth of the 0.97 µm radiation being around 18 mm [12] . Hence one can conclude that to attain maximal efficiency in heating the vein wall to T cr with laser radiation and radial optical fiber, the most effective will be such laser wavelength as has its characteristic penetration depth δ eff commensurable with the venous wall thickness.
In the case of vein filled with a 0.15 M NaCl solution, the replacement of the radial fiber by the bare one resulted in a substantial increase in P cr . Laser radiation in this case is first absorbed in the solution that is turned into vapor. Absorption thereafter occurs in the gas phase containing water vapor, nitrogen, and other components (for example, O 2 and CO 2 ). The temperature of the gas phase is apparently not very much over 100 °C [12] ; and the vascular wall is heated almost exclusively by the heat flow from the superheated vapor whose volume is but little greater than that of the tissue. In that case, the laser radiation energy is first expended to heat and vaporize water; and it is only thereafter that the objective temperature is reached all over the bulk and on the surface of the tissue owing to heat conduction. Such sequence of events makes it necessary to increase the radiation power.
In the case of bare fiber, the critical laser power in the blood-filled vein proved lower than that in the saline-filled one. In blood, starting from 80 °C, there takes place the denaturation of the blood plasma proteins, aggregation of erythrocytes, and destruction of cell membranes [22] . As a result, a coagulum is formed at the fiber tip [22, 23] , whose organic components decompose in the temperature range 250-450 °C and form solid carbon [24] . The solid phase (carbonized coagulate) thus formed absorbs the most of laser radiation, practically no matter what the wavelength, and heats up to a temperature of 700-1000 °C [12] . The temperature gradient turns out to be quite high, and so the heat flow substantially increases. As a result, the temperature within and on the surface of the vascular tissue proves higher, while P cr lower, by comparison with those in the saline-filled vein. The fact that that the temperature of the venous wall is determined exactly by the temperature gradient between it and the hot carbonized coagulate at the optical fiber tip that absorbs laser radiation of any wavelength is confirmed by the data reported in [12] . Thus, complete degradation of the vascular tissue in the given laser treatment can be attained with each of the optical fiber types under study. The critical laser power depends on both the absorption coefficient of the medium and type of the optical fiber used. Both these laser treatment characteristics determine the specifics of the objective degradation of the vascular tissue and the modification of the surrounding tissues. Our studies support some authors' opinions [8, 13] that the radial optical fiber is most fit to the EVLA procedure. In that case, the local heating of the necessary bulk of the vascular tissue does actually occur. Figure 2 shows a color representation of the temperature field formed by radiation emitted from the radial fiber tip. This example illustrates the bulk heating of the region contacting the fiber tip. Figure 3 presents actual surface temperature distributions along the venous wall in the case of radial optical fiber. It can be seen that as the fiber is being gradually withdrawn from the vein, the local vascular wall temperature at the fiber tip contact spot first rises and then drops fairly rapidly. Such a temperature regime allows the objective denaturation of the vascular tissue proteins and death of cells to be achieved without local overheating and the ensuing carbonization and thermal injury of the perivenous tissues.
In the case of bare fiber, the initially heated space has a sphere-like shape (figure 4). Insofar as the fiber pulls back in the direction opposite to that of the emission of radiation, after the objective venous wall temperature has been reached, heat from the superheated gas continues to get, thanks to thermal conduction, into the already degraded wall regions. Cooling goes on much slower (figure 5) by comparison with that in the case of radial optical fiber. As a result, the temperature of the perivenous tissues can grow too high, which is an undesirable phenomenon for the clinical procedure.
The main danger constituted by the hot material present in the blood vessel is the possibility of its coming into direct contact with the vascular tissue, followed by the carbonization and perforation of the latter. These phenomena are specific to the bare fiber; and it is exactly these phenomena that are believed to be responsible for postoperative complications [8, 9] . No hot coagulum is formed on the surface of the radial fiber, because the laser fluence and fluence rate here are on the average 7 times lower than in the case of bare fiber and prove not high enough to carbonize the coagulate [12] .
Conclusion
When the given laser treatment is aimed at local degradation of vascular tissue, its bulk heating through direct transformation of the laser energy absorbed by it into heat proves most effective. Heating through heat conduction from the already heated adjacent regions requires higher powers. A considerable disadvantage of such a treatment regime in vivo is its unpredictability as regards the high probability of local overheating of the tissue up to its carbonization and perforation. Modern technologies are capable of producing lasers of various wavelengths, which allow one to select suitable absorption and scattering coefficients to attain bulk heating of the tissue. The availability of various means to deliver laser energy into the target tissue extends the possibilities of implementing its bulk heating. Taken collectively, all the above-said can help minimize the side effects of the EVLA procedure.
